Abstract. The significant power in the Martian gravitational field due to the Tharsis rise may mask or modify gravitational signatures that contain important information on Martian geophysical processes. In order to isolate gravity signals in regions where the field is significantly affected by Tharsis as well to investigate characteristics of the global field, we present a numerical technique to "remove" Tharsis from the Martian gravitational field. Our analysis will show that to first order Tharsis can be represented as a sixth-degree spherical harmonic zonal gravitational feature in a reference frame in which the axis of symmetry runs through the center of the province. We 
However, as with other studies of this genre, they treated only the degree two zonal term of the gravity field rather than higher degrees as we do, and they did not rotate the residual field back to the original coordinate system and analyze it.
The Martian Gravitational Field

Spherical Harmonic Representation
The basis of our study is Mars' present-day gravitational field. We utilized Goddard Mars Model-1 (GMM-1) [ 
Moments of Inertia and Deviations from Hydrostatic Equilibrium
Tharsis is centered at a low latitude, which complicates the attempt to distinguish its gravitational signature from that due to the planetary oblateness or flattening associated with rotation. The gravity signal due to the planet's rotational bulge is the hydrostatic part of the field and surface and internal mass heterogeneities associated with Tharsis (and other features) represent deviations from the hydrostatic state. Models of planetary internal structure are sensitive to the extent to which the flattening deviates from hydrostatic equilibrium [Bills, 1990] , i.e., the nonhydrostatic contribution to the gravity field. The planetary oblateness observed from satellite orbit perturbations comes directly from the unnormalized degree 2 Stokes coefficient in (1) and is 
A direct (nonmodel dependent)determination of C/MR 2 and Phillips, 1985] ) could also be applied but has been ignored, since this correction contributes only 4% to the power at degree 4. Most of the power in the GMM-1 field at degree 4 is in the nonzonal coefficients.
Defining Tharsis
We assume that the Tharsis province can be represented, to first order, as an axisymmetric gravitational signal. While a simplification, this assertion has also been made in several previous analyses [Kaula, 1979; Willemann and Turcotte, 1982; Kaula et al., 1989 ] for, we believe, good reason. Specifically, by invoking axisymmetry, it becomes possible to simply define Tharsis in a particular coordinate system by low-degree spherical harmonic coefficients. If the z axis of the coordinate system is taken to correspond to the central axis of the feature of interest, then the gravitational signature can be quantitatively described by zonal coefficients (Ci,O, where m=0), which have no longitude dependence. The representation of Tharsis as an axisymmetric signal is equivalent to treating the feature as a set of masses distributed along the central axis of the province that collectively provide a close match to the observed gravity. In addition to providing a means of analysis of the global gravity field using straightforward mathematics, the assumption of axisymmetry also allows a means of quantifying the extent of deviation from axisymmetry. This possibility has not been exploited in previous studies but is a focus of the present analysis.
We determined the size and center of Tharsis by examining the GMM-1 geoid at progressively increasing degrees and orders. We eventually chose to characterize Tharsis by a sixth degree zonal field because higher degree fields introduced complexities in the geoid that did not appear to be associated with the primary Tharsis signature. In addition, for all models of degree 6 and lower the center of Tharsis remained fixed, while at higher degrees the center shifted due to the influence of regional-scale structure at increasingly shorter wavelengths. Examination of the sixth degree and order geoid, shown in Figure 2 , yielded a center of Tharsis of -111.67øE longitude, 6.67øN latitude. In determining the center of on the spherical harmonics is described by a set of precomputed weighting coefficients. We determined the weighting coefficients recursively using formulas based on contiguous Jacobi polynomials [Arfken, 1970] . We validated the approach for our application by rotating coefficients back to the original reference frame without removing a Tharsis signature and verifying their recoverability. Our results confirmed analysis by Goldstein [1984] , who demonstrated recoverability of spherical harmonic coefficients to within 1 part in 109 of the original values. conspicuous than in GMM-1. Assuming 5% nonhydrostatic components of J2, the background signal in the Tharsis region of the MWT field is reduced by up to -1200 m in the geoid and nearly 300 mGals in gravity anomaly amplitude. As can be seen in Figures 1, 4 , and 5, neither GMM-1 nor any of the MWT fields show visual gravitational evidence of the hemispheric dichotomy. This is consistent with our topographic model that indicates a correlation of a broad-scale northern-southern hemispheric elevation difference with the center of mass/center of figure offset along Mars' polar axis .
Interpretation of the MWT
Elysium (-140øE longitude) is another spatially extensive locus of tectonism and volcanism in the northern hemisphere of Mars, though it is smaller than Tharsis. Assuming our definition of Tharsis, the geoid signature of the Elysium province is "contaminated" by the Tharsis contribution to the field. This is a consequence of the fact that the symmetric zonal coefficient has components on opposite hemispheres of the planet. Removal of Tharsis causes a reduction of --40 m (out of 600 m) in the maximum geoid in this region for a 5% nonhydrostatic J2. This illustrates that the long-wavelength zonal field that we have removed is not representative of Tharsis alone. We also computed the 5% MWT field including the small J4 hydrostatic correction as well as the correction to J2. The power increased at degree 4 by only 4.3% even though the change in J4 in MWT was significant as a percentage of its value. For these MWT fields the power at degree 4 is almost exclusively nonzonal. Figure 5 shows the geoid representation of the Martian gravitational field with Tharsis removed assuming 0%, 10% and 20% nonhydrostatic components of J2 left in the gravitational field. In all cases the dynamic range of signal is significantly reduced from a planetwide value of about 2000 m in GMM-1 to -1500 m for a 20% nonhydrostatic MWT to about 400 m for a 0% nonhydrostatic MWT. The reduction is greatest at the lower nonhydrostatic values because Tharsis is more symmetric for these values (see next section), which suggests that Tharsis does not contribute significantly to the gravitational flattening of Mars. If it did, a larger value of nonhydrostatic J2 would fit the gravity model better. Note that the field for 20% nonhydrostatic J2 contains a significant concentration of signal in the equatorial plane that does not correlate with surface structure. We believe that this signal is associated with rotational flattening that has not been removed and interpret the pattern to indicate that such a large deviation from the hydrostatic state is inappropriate for Mars. Table 1 lists the spherical harmonic coefficients through degree and order 6 for the MWT and GMM-1 fields. Figure 6 plots the RMS magnitudes of these coefficients for the 5% MWT and GMM-1 fields. This figure shows that significant gravitational energy has been removed only from degrees 2 through 4 despite modeling Tharsis out to degree 6. Figure 6 suggests that to account for the influence of Tharsis in the gravity field it is necessary to represent the province using at least four spherical harmonic degrees. Comparison of the two fields shows that Tharsis represents 75% of the gravitational potential energy at degree 3 and 50% at degree 4. The degree 3 term represents the asymmetry between the hemispheres, but the zonal term is the smallest of the coefficients because Tharsis is near the equator, and it is apparently the longitudinal variation in gravity that is being removed. This is entirely consistent with our removal of the degree 3 zonal term in a coordinate system through the center of Tharsis.
Axial Asymmetry of Tharsis
As for several previous geophysical studies of Mars [Reasenberg, 1977; Kaula, 1979 We next consider the range of allowable moment of inertia -1.0887e-05 factor for the gravity field without Tharsis as compared to that for the full Martian gravity field. Willemann [1984] included the effect of the incomplete compensation of the degree 2 term on the stability of the orientation and, accordingly, bounded the range of reorientation to 3 ø-9 ø. That estimate is based on removal of terms higher than degree 2 and thus considered the deviation from compensation of shorter wavelength loads. But note that all studies of Mars' spin axis reorientation make either direct or implicit assumptions about the long-wavelength compensation state.
As applied to Earth, Goldreich and Toomre [1969] argued that the timescale for adjustment of the oblate rotational figure was much less than that of changes in nonhydrostatic density variation. This would be expected because an adjustment in shape would require a single shift, while that due to density heterogeneities may require complex motions associated with the internal thermo-mechanical structure. Kaula et al. [1989] asserted that this argument should also hold for Mars. Goldreich and Toomre's condition for stability of the rotation axis due to global-scale mass re-distribution as given by equation (9) Anew Mars gravitational field of globally uniform spatial resolution will be derived from X band Doppler tracking of the Mars Global Surveyor spacecraft [Tyler et al., 1992 ], which will be in a polar orbit with an altitude of approximately 400 km. This gravity field, in combination with an even higher resolution topography field that will also be obtained in the mission [Zuber et al., 1992] , will enable detailed analysis of the geophysics of Mars using many techniques, including the one presented here. An analysis using this approach that addresses the effect of Tharsis topography on global atmospheric circulation models is under way . Our method may also have value if applied to other planetary geophysical observations, such as magnetics, that contain global-scale signatures which may be considered axisymmetric to first order. Isolation of structures such as mantle plumes, major volcanic constructs, or large impact basins should be attainable given adequate data distribution and resolution.
